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ABSTRACT 
THE EFFECT OF VARYING DRYING TEMPERA TURES ON THE 
RECYCLABILITY OF MECHANICAL PULP FIBERS 
There has been conflicting data regarding the effects of recycling on pulps. 
Strength properties go down for chemical pulps after being recycled, but the strength 
properties go up for mechanical pulps after recycling. The objective of the thesis will 
be to study the effects of varying the drying temperature on the recycled fiber 
properties of thennomechanical pulp. 
A never-dried thermomechanical pulp furnish was obtained, from which three 
samples were separated out. Pulp sample one was air dried at approximately 77°F, 
sample two was dried at a temperature of 155°F, and the third sample was dried at a 
temperature of 250°F. Handsheets were made, dried, conditioned and tested for each 
of the three pulp samples. The paper was then soaked, disintegrated and dried at the 
same temperature as before. This continued to three recycles. It was imperative that 
the pulps remained free of contaminants and dried at the same temperature each time. 
Strength properties were tested and the following key results were obtained. 
Density of all three samples increased slightly due to the unravelling of the fibers. The 
breaking length decreased for the samples dried at 155 and 250°F up to the second 
recycle, and the sample that was dried at 250°F had the largest decrease in breaking 
length. The 250°F sample had an initial breaking length of 3.36km and this dropped to 
a value of 2.82 (km) after the second recycle. This is in comparison to an initial value 
of2.97 (km) and a value of2.8l(km) after the second recycle for the 155°F sample. 
The air dried sample did not show an increase or decrease in overall breaking length 
strength. Upon examination of the wet breaking length data, it was shown that 
because the 250°F samples underwent crystallinization and did not absorb as much 
water as the 155°F or air dried sample, they had the highest wet breaking strength. 
The value of the wet breaking length for 250°F after three recycles was .132 (km) as 
compared to .122 (km) and .0859 (km) for the 155°F and the air dried samples, 
respectively. Scott Bond test showed a slight decrease in bond strength up through 
the second recycle and the zero span test showed that the fiber strength increased 
slightly. This explains that the loss of breaking length strength for the samples is due 
to loss of bond area and strength and not loss of fiber strength. The data supports the 
hypothesis that drying at higher temperatures does have the greatest negative effect on 
the recyclability of thennomechanical pulp. However, and more importantly, the data 
also shows that as the number of recycles increases, the effect of temperature on the 
sheet properties decreases. 
TABLE OF CONTENTS 
Introduction 
Goals and Objectives 
Theoretical and Background Discussion 
Previous Research 
Experimental Procedures 
Results 
Graph One 
Graph Two 
Graph Three 
Graph Four 
Graph Five 
Graph Six 
Graph Seven 
Graph Eight 
Discussion of Results 
Breaking Length 
Wet Breaking Length 
Zero Span 
Scott Bond 
Conclusion 
Recommendations 
Literature Cited 
Page Number 
1 
2 
3 
4 
6 
9 
9 
10 
11 
12 
13 
14 
15 
16 
17 
19 
20 
21 
22 
25 
27 
28 
INTRODUCTION 
Recycling of paper and paperboard has become increasingly popular within the 
last decade. Paper mills, in trying to comply with both government regulations and 
public concern, have tried to develop techniques which will make the recycling of 
paper a competitive and productive process. While research and development have 
brought about new technological ways to deink and repulp the paper, there are still 
questions as to the effects of repulping and recycling on the individual fibers. Much of 
the previous work has isolated the effects of recycling on chemical pulps. However, 
"recent improvements in the quality of mechanical pulps have led to their widespread 
use in higher-value-added grades and speciality paper grades" (1). Chemical pulping 
such as kraft or sulfite are popular because during chemical pulping the fiber length is 
preserved which forms a strong sheet. In chemical pulping the chemicals remove 
lignin, but also remove some of the wanted cellulose and hemicellulose fibers. In 
mechanical pulping, the wood chips are broken apart by mechanical means, and the 
fibers are shorter, which results in less strength, but better print quality than chemical 
pulps. They are harder to study because there are no chemicals to remove the lignin, 
and hemicellulose components of the wood. This opens the door to many possible 
chemical reactions which may take place during sheetmaking and recycling. This is 
also another reason why most of the past study has centered on chemical pulps. 
Recently, there has been more research conducted that has tried to determine 
the specific effects of recycling on mechanical pulp fibers. The goal of the thesis 
project will be to isolate the effect of drying on the recyclability of TMP fibers and to 
analyze the data in such a way that will show how the fibers are responding to the 
varying drying temperatures and how this has influenced the sheet properties. 
The objective of the thesis is to interpret what is happening when fibers are 
recycled. The fibers will be recycled while drying at three different temperatures, so 
while the same effects will be seen by all fibers, it is hoped that the fibers which are 
repeatedly dried at a high temperature will have faster falling strength values. While it 
is generally accepted that drying at higher temperatures will result in faster falling 
strength, there has been little research on this. Since recycling has become important 
in the paper industry, this experiment will be helpful in trying to find a way to minimize 
the fiber strength loss when recycling. 
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THEORETICAL AND BACKGROUND DISCUSSION 
As stated earlier, chemical pulping involves cooking the wood chips with 
chemicals to remove lignin and separate the fibers in such a manner that is not harmful 
to the fiber structure. Chemical pulping takes place inside a large vessel called a 
digester. The wood chips are mixed with solutions of chemicals, most commonly 
sodium hydroxide and sodium sulfide in kraft chemical pulping, or sulfurous acid in 
sulfur chemical pulping. In mechanical pulping, the wood chips are not exposed to any 
chemicals. In one popular type of mechanical pulping, the wood chips are passed 
between two refiner plates, with a small clearance separating the two plates. Further, 
in thermomechanical pulping, the chips are pretreated with steam to soften the chips 
and make fiber separation easier. In mechanical pulping, the fibers are separated in a 
more violent way than in chemical pulping. "The properties of mechanical pulp 
depend on the properties of the pulp fibres. A mechanical pulp that consists of fibres 
with minimum shortening and maximum development of surface area is favourable, as 
it provides maximum bearing strength and bonding ability in the formation of a paper 
sheet" (2). The resulting mechanical fibers are shorter and have more fibrillation than 
do the chemical fibers. However, "the long fibers in mechanical pulps are expected to 
contribute most to the whole pulp strength, but do not do so due to their generally 
poor flexibility and bonding. Also, the highly lignified fibers are brittle, weak, and 
inelastic" (3). Thermomechanical pulping is an important process because it produces 
a high yield and the resultant pulp is capable of high print qualities. 
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Also complicating the issue is the fact that certain studies and research 
experiments have conflicting data. With the increasing popularity of recycling, it is 
essential that more research be done in order to provide consistent trends and utilize 
the subsequent information to develop more efficient ways of recycling papers. 
One of the most surprising facts is that as chemical. pulps are recycled, the 
tensile strength decreases, but as mechanical pulps are recycled, they show increases in 
tensile strength (4). From the work of Horn, Klungness, and Boblek, it has been 
determined that fiber strength, fiber length, fiber swelling and fiber bonding potential 
are the properties which are important to the strength of paper made from recycled 
fibers (4). 
Fiber strength is probably the most constant property that is not greatly 
affected during recycling. Fiber strength would be most affected by chemicals, which 
would break down the various fiber layers and cause weak fibers. 
Fiber length is not affected greatly during recycling. The pulping process will 
determine the fiber length characteristics ( chemical pulp fibers are longer than 
mechanical pulp fibers). When fibers are being recycled and are refined over and over 
again, there will be opportunities for fiber splitting and cutting. However, evidence of 
this will not be seen until many recycles have been completed. It is also important to 
realize that most paper products contain only small percentages of recycled fiber and 
that the majority of the paper content is made up of virgin fibers that have high 
strength properties. 
Most researchers blame the process of hornification for the varied effects of 
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recycling on fibers. This process is described as the irreversible hardening or loss of 
fiber swelling, which leads to fibers that are stiff and non-conformable. This will have 
a direct effect on bonding area and overall strength of the paper. "Research has shown 
that during drying, inter-fibre bonds couple fibre surfaces at some relatively high 
moisture content. After that, the fibres shrink anisotropically so that stresses are 
created within the bonding" (5). Research has shown that "mechanical and ultra-high­
yield pulps show little or no irreversible hornification because of the presence of 
lignohernicellulose gel in fiber walls that prevents any direct contact between cellulosic 
surfaces during drying" (6). However, results from research in this same area has also 
shown increases in fiber collapse and sheet bonding (6). Other research on the effects 
of drying on fibers has yielded that "when paper is dried, internal stresses develop at 
inter-fibre bonds because the fibres shrink more in the transverse than in the axial 
direction" (5). 
Hornification, as well as most other significant changes to the fiber, takes place 
while drying the sheet. As the fibers are dried repeatedly, the crystallinity of the fiber 
increases which will inhibit further swelling and water retention capabilities. Fibers are 
naturally composed of water accepting, amorphous regions, and water repelling, 
crystalline regions. During recycling and specifically repeated drying, the amorphous 
regions are changed into crystalline regions because of the violent push of water out of 
the fiber. This will also affect fiber flexibility and relative bonding area in a negative 
way which will inhibit recycled paper strength. 
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EXPERIMENTAL PROCEDURES 
From the initial never dried pulp, three samples were obtained and separated 
out into individual containers. Consistency pads were made to determine consistency 
of the pulp. Calculations were then made in order to find the amount of pulp needed 
to make a two gram oven dry handsheet. Handsheets were then made on a British 
handsheet maker following Tappi Standard Procedures. The air dried samples were 
subsequently pressed at 50psig for five minutes, then the sheets were inverted and 
pressed again at 50psig for two minutes. After pressing, the handsheets were placed 
into ring holders and placed into a conditioning room at 50% relative humidity. The 
sheets that were to be dried were pressed at ten pounds of free weight and then placed 
directly into the dryer can. Temperature of the dryer can was held at 155°F and 250°F 
+/- five degrees. After the sheets were dried on the dryer can, they were placed into 
the conditioning room also. 
Testing procedures were conducted following the Tappi Test Methods and 
Procedures. Test sheets from all temperatures were individually weighed and the best 
twenty sheets were chosen. Basis weight was calculated to be used in later breaking 
length calculations. Caliper readings were taken on the twenty sheets that were 
previously selected and then calculations were performed to determine apparent 
density. Data for caliper appears in Appendix One and data for apparent density 
appears in Appendix Two. After these two measurements were completed, the 
sheets were cut into test strips from which the following tests were completed: tensile, 
wet tensile, zero span, wet zero span, burst, and Scott bond. Tensile strips were about 
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six inches long and 1.5 cm wide. Ten readings were taken, with load being recorded 
on the lnstron testing machine. From this data, breaking length of the sample was 
calculated. In order to determine wet breaking length, different strips of the same 
dimensions mentioned above were soaked in water at room temperature for one hour. 
The strips were then put on a blotter pad and tested with load again being recorded. 
Data for the load of dry test strip samples appears in Appendix Three and the data for 
breaking length appears in Appendix Four. Data for the load of wet sample strips 
appears in Appendix Five and the wet breaking length data appears in Appendix Six. 
Zero span was determined by taking a strip approximately three inches long and 1. 5 
cm long and placing it into the testing unit. Ten measurements were taken, one per 
strip. In the same fashion as mentioned above for the soaking of the tensile strips, the 
zero span strips were soaked for one hour at room temperature, placed on a blotter 
pad and tested. Data for zero span can be found in Appendix Seven while data for 
wet zero span is in Appendix Eight. Scott bond samples were cut to the dimensions 
of six inches long and three inches wide. From each strip, five readings were taken on 
the Scott Internal Bond Tester resulting in a total of fifteen readings. Ten samples 
were used to perform burst measurements. Two measurements were taken per sample 
resulting in twenty total measurements. Data for Scott Bond can be found in 
Appendix Nine and burst data can be found in Appendix Ten. Standard deviations 
for all the data obtained at the air dry temperature, the 155°F and the 250°F 
temperature are in Appendix Twelve. Supplemental data that was used appears in 
Appendix Eleven. 
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After all the tests were performed, the sheets were placed into individual 
containers and soaked in room temperature water for two hours. The sheets were not 
combined but were soaked in three individual containers so they would remain 
separate. Soaking the sheets for two hours helped make disintegration of the sheet 
easier, and minimized fiber damage. After two hours expired, the sheets were 
disintegrated in the British Disintegrator. The equivalent of thirty grams oven dry was 
placed in the disintegrator with two liters of water. The pulp was disintegrated for 
three minutes or I 0000 revolutions. After all the sheets had been disintegrated for the 
air dried sample, and the 155 and 250°F samples, consistency pads were made to 
determine the new consistency of the pulp. Handsheets were made to a two gram 
oven dry target weight, and the process described above was repeated. This process 
was repeated three additional times to have data for an original handsheet, and three 
recycles. 
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DISCUSSION OF RESULTS 
Graph One is a representation of the change in caliper after corresponding 
recycles. As seen by the graph, the caliper decreased for all drying temperatures, most 
notably for the l 55°F sample. The caliper decreased from .349 (mm) on the original 
sample to a value of .296 (mm) after the third recycle. Likewise, the 250°F sample 
decreased from an original value of .353 (mm) to a value of .300 (mm) after the third 
recycle. This shows that the sheet is becoming more and more compact as the number 
of recycles increases. The air dry sample curve shows a less defined trend. The 
caliper increases after the first recycle, then decreases after the second recycle, and 
then increases again after the third recycle. The up and down trend can be best 
described by the fact that during air-drying, the fibers are not losing their hydrophilic 
ability and are swelling more than the fibers that are being dried on the dryer can. 
Then, during pressing, because the fibers contain more water, and are thicker, they are 
not being compacted as much as the fibers are that underwent can drying. An 
important trend that became evident as the data was collected is that as the number of 
recycles increased, the effect of temperature on the properties decreased. This is seen 
in graph one in the fact that there is about a .05 (mm) separation between the values 
on the y-axis, or the original handsheet. After the third recycle the three samples are 
converging and the separation in values is only .02 (mm). 
Caliper is inversely related to density in that if caliper increases, the apparent 
density will decrease and if caliper decreases, the density will increase. This can be 
seen by the trends in Graph Two. In the air dried sample, the density increased 
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slightly, from an original value of .380 to .412 (g/cm/\3) after the first recycle, and then 
decreased only slightly for recycles two and three. However, the density of both the 
can dried samples increased over three recycles. The sample that was dried at 250°F 
exhibited the highest increase in density, from an original value of .327 to .406 
(g/cm/\3) after the third recycle. The density of the 155°F sample also increased but 
not to the extent of the 250°F sample. During mechanical pulping, the fibers are 
released from the wood chips in a rolling motion, and tend to curl up in the shape of a 
spring. It is seen by the data that during recycling, this spring-like shape became 
flatter and somewhat elongated. This would account for the increase in density 
because a sheet with flattened fibers will have a higher density than a sheet with spring 
shaped fibers. The air dried sample consistently had the higher density because the air 
dried sample was able to absorb more water than the can dried samples. By absorbing 
more water, this made the fibers more pliable and conformable, therefore contributing 
to a higher density. During can drying, the fiber undergoes a change called fiber 
hardening or hornification, where the fiber becomes stiff and will not absorb water as 
readily as it first could. Because the can dried fibers absorbed less and less water, the 
fibers were not able to compact as closely as the air dried fibers that readily absorbed 
water after every recycle. Notice once again that after the third recycle the values 
have converged into almost one point. As seen previously in graph one, it is again 
seen that an increasing number of recycles has minimized the effect of temperature on 
density. 
Graph Three shows the breaking length trends as the number of recycles 
18 
increased. An expected trend is seen here, as the 250°F temperature had the greatest 
negative effect on the breaking length. The breaking length of the 250°F sample had 
an original value of 3.36 (km) and after the third recycle had a breaking length of 3.02 
(km). The 155°F sample only fell from an original value of2.97 (km) to 2.86 (km) 
after the third recycle. The highest temperature has the greatest negative effects 
because of the damage that drying does at high temperatures. Initially, a fiber is 
capable of absorbing a large amount of water. When a fiber is subsequently dried, 
there is a swift, violent push of water out of the fiber. This motion causes a large 
percentage of the fiber to no longer accept water. After many recycles, the fibers 
crystallinity grows and the fiber becomes stiff and non-conformable. With the loss of 
fiber flexibility, the fiber bonding area lessons, and this contributes to an overall loss of 
bonding strength. As seen, the air dried sample breaking length values fluctuated with 
the number of recycles, but overall the breaking length did decrease slightly. Air 
drying the sheet was much easier on the fibers and maintained the initial integrity of 
the fiber strength and bonding properties. After the first recycle the breaking length 
increased from an original value of2.81 to 3.22 (km). It then decreased to 2.53 (km) 
after the second recycle but then rebounded to 2. 70 (km) after the third recycle. It is 
interesting to note that the 250°F samples had the highest breaking length after testing 
the initial sheet and after three recycles. Although drying will damage the sheet, it also 
promotes some complex inter-fiber bonding which will help to provide a stronger 
sheet. It is also seen that there is a slight increase in breaking length on all three 
samples after the third recycle. This trend would not be expected to continue if 
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recycling were to be done to a fourth or fifth recycle. The reason there is a slight 
increase is because during recycling the fibers became more brittle and then during 
disintegration between the second and third recycles, some small fibers were generated 
which helped to provide better bonding during the third recycle. These small fibers 
were produced when small flakes of fibers broke away from_ the large fibers during 
disintegration. Once again it is seen that there is a convergence of trends which is 
occurring after increasing recycles. When the initial sheets were made, there was a 
difference of 5.5 (km) separating the 250°F sample and the air dried sample. After the 
third recycle however, there was only a difference of 3.2 (km). After a fourth recycle 
it is expected that these values would converge even further. The reason that the data 
is showing a general trend of converging values is because the most damage inflicted 
upon a fiber occurs during the first two recycles. After these initial recycles, 
subsequent recycles does not affect the fiber properties as much. 
Graph Four shows the relationship between wet breaking length and the 
number of recycles. What stands out the most is that the highest wet breaking 
strength is seen by the sample which was dried at 250°F while the lowest value is the 
air dried sample. Initially, the 250°F sample had a wet breaking length of .149 (km) as 
compared to a value of .0817 for the l 55°F sample and a value of .0932 (km). The 
more water a fiber can absorb, the more limp and weaker it will get. Therefore, as 
seen by the data trends, the air dried sample was able to absorb the most water and 
had the weakest wet fiber strength. The 250°F sample, because the fibers have lost 
some of their ability to absorb water, retain more strength when wet than do the air 
20 
dried samples. Also, as expected, the sample that was dried at 155°F has wet breaking 
length values between those of the 250°F sample and the air dried sample. There was 
a slight increase in all samples up to the second recycle and then all three samples lost 
wet breaking strength on the third recycle. After each successive recycle for the can 
dried samples, the fibers lost ability to absorb water. This was shown by the 
decreasing dry breaking length trends that were described above. However, as the 
fibers were able to absorb less water, this helped to increase the wet breaking length of 
the fibers. After the third recycle, so much damage was done to the fiber that the wet 
breaking length finally decreased due to poor bonding potential. Again, the trends for 
the wet breaking length show that there is a convergence of data points occurring as 
the number of recycles. This is an important trend because it shows that although 
there is fiber degradation during recycling, the strength properties will not decrease as 
fast during later recycles as they do during the first or second recycles. 
Graph Five shows the trend of zero span versus the number of recycles. By 
the nature of the test, zero span represents fiber strength. As seen by the graph, there 
was a slight increase in zero span after the first recycle for both the can dried samples. 
For the second and third recycles there was no gain or loss in zero span. The increase 
for the 250°F sample is only from 33.3 (psi) for the original value to 36.1 (psi) after 
the first recycle. When analyzing the standard deviation for these values which is+/-
3. I 7, it can be concluded that there is no increase or decrease in fiber strength when
recycling. This proves that the actual fiber strength is not being greatly affected by 
recycling. For the air dried sample, there is once again some fluctuation that occurs as 
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the number ofrecycles increases. The values range from a high of 37.6 (psi) on the 
second recycle to a low of 31.5 (psi) on the original recycle. This trend is deceiving in 
that a best fit curve would yield a similar trend to those seen by the can dried samples. 
Graph Six shows the trend of wet zero span versus number of recycles. As 
seen by the 250°F trend, the zero span increases after the first recycle but then 
decreases for the second and third recycle. During the first recycle the fibers did not 
absorb as much water as did the 155°F and the air dried sample and this resulted in a 
higher fiber strength. However, after subsequent recycles, the fiber structure depleted 
during the high temperature drying and the fiber strength fell below that of the air 
dried and 155°F samples. As seen by the graph, the loss of wet zero span strength for 
the 250°F sample is not that great. It actually only fell from 27.0 (psi) on the first 
recycle to 25.9 (psi) on the third recycle, and after examining the standard deviation 
which is+/- 2.26, it can be concluded that the trend did not actually decrease but 
statistically remained at a constant value. 
Graph Seven displays another important trend as it shows the relationship 
between Scott bond and number of recycles. As seen, all samples decrease to the 
second recycle, and then they all jump to a higher level of bonding during the third 
recycle. After the third recycle the bond strength for the 250°F sample is actually 
lower than both the bond strength for the 155°F sample and the air dried sample. This 
can be explained by the more harsh treatment which the 250°F sample is exposed to 
during high temperature drying. During drying, it has been found that "the nonlinear 
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stress-strain behaviour and ultimate failure of paper are related to the gradual opening 
of bonds" (5). The forcible removement of water out of the fiber during drying has 
made the fiber less willing to accept water, and has prevented good bonding ability 
during the latter recycles. The slight increase in bonding strength from the second to 
the third recycle can be attributed to the small regeneration of small fiber content 
during disintegration. Though the majority of the fibers lacked in bonding potential, 
the new fines filled in some of the gaps between fibers and improved overall bonding 
ability of the fibers. It is interesting to note that this graph is similar to the dry 
breaking length graph. In that graph it was seen that the breaking length decreased up 
to the second recycle and then showed a slight increase after the third recycle. It can 
now be seen that the reason that the breaking length behaved in this way is because 
there was a decrease in bonding strength up to the second recycle and then there was 
an increase in bonding strength after the third recycle. 
Graph Eight shows the mull en strength plotted against number of recycles. 
For the can dried values, it can be seen that there was not much of a change until the 
third recycle. For the 250°F sample, the burst value dropped from 30.3 (psi) during 
the second recycle to 26.3 (psi) during the third recycle. The drops in burst strength 
for both can dried samples can be attributed to the loss of bonding ability that by the 
third recycle has become increasingly apparent. Earlier, it was stated that there was 
some regeneration of small fiber content during this third recycle so one would think 
that burst strength might increase during this third recycle. However, burst is a 
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function of not only fiber bond strength but also fiber strength (which as shown earlier 
did not decrease) and also fiber elongation which is the ability of the fiber to stretch in 
the axial direction. Even though the bonding may have increased slightly due to the 
increased fines content, the fiber elongation decreased because of the increase of fiber 
hardness for the can dried samples. 
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CONCLUSION 
Overall, it was seen that the sheets that were dried at 250°F did indeed exhibit 
the lowest strength properties. However, the trends show much more interesting fiber 
interactions than this simple statement will satisfy or explain. First, the density 
increased for all three temperature samples which is indicative of the mechanical pulp 
fibers unravelling, becoming flatter and promoting some bonding but greater sheet 
compaction. The breaking length of the sheet was most detrimentally affected by the 
250°F temperature, however, it was seen that all three samples had a decreasing 
breaking length up to the second recycle and then a small increase in breaking length 
during the third recycle. The results from the wet breaking length test were 
informational as they proved that the 250°F fibers are losing their ability to absorb 
water and therefore are providing better wet strength values than both the 155°F and 
air dried temperatures. The zero span values were important because they showed 
that the fiber strength does not decrease during recycling. This then proves that any 
loss of sheet strength during recycling is due to loss in bonding potential. This exact 
theory is proven when analyzing the scott bond data. The bonding strength of all three 
samples decreases until the second recycle when there is an increase in bonding 
strength during the third recycle. This third recycle increase in bonding strength can 
be attributed to the regeneration of small fiber content from disintegration. Once 
again, the 250°F sample had the largest drop in Scott Bond values because of the 
hardening and crystallinization of the fiber. Burst values did not show much variation 
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until the third recycle when they fell. However, it is important to remember that the 
burst values fell not necessarily due to fiber strength loss, but due to loss of fiber 
flexibility or elongation. 
The most interesting trend that was exhibited by the data was the fact that as 
the number of recycles increased, the data points seemed to be converging which 
shows that as the number of recycles increased, the effect of drying temperature 
became less. As stated earlier, high temperature drying greatly affects the fibers 
during original sheet making and during the first two recycles. However, during 
subsequent recycling high temperature drying does not significantly affect the strength 
properties. This is an important trend because it shows that the recycling of 
mechanical pulps will be able to produce a sheet with acceptable sheet qualities and 
although recycling does negatively affect the properties of fibers, it will be feasible to 
recycle a fiber many times. 
26 
RECOMMENDATIONS 
The recycling of mechanical pulps is an important aspect of the paper industry. 
It is important to maintain research funding in this area so as to provide customers 
with the highest quality product. Specifically, this thesis can be modified to look at the 
effects of varying drying temperatures on the surface properties and optical properties 
of mechanical pulps. Also, it would be interesting to continue this research to five or 
six recycles to further witness the effect of increased recycling on the recyclability of a 
thermomechanical pulp. 
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Appendix One 
Caliper (mills) 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
12 13.1 13.25 11.8 12.5 13.4 
12.5 13.5 14.5 12 13 12.6 
11.8 13.8 14.1 13.2 13 14.2 
12.3 13.8 13.4 12.9 13.2 13.6 
12 13.6 13.3 13.8 12.8 13.4 
12.5 13.1 14.1 14 13.4 12.4 
12 14.2 13.55 13.6 12.6 12.5 
11.5 13.7 14.1 13.4 13 13 
12 14.3 14 13.6 13.4 12.7 
12.2 14.4 14.25 13.4 13.5 12.6 
11.8 13.1 13.75 13.3 13.8 12.8 
12 13.4 13.7 13.5 13.7 12.8 
12.5 13.6 13.55 13.7 13.7 12.6 
12 13.6 14.35 13 14 12.8 
12 14.2 13.85 12 13 13 
12.5 13.5 14.25 14 13 13.2 
12 14.1 13.75 13.5 13.4 12.7 
12 13.4 14.1 13 13.5 12.9 
12 14.6 14.15 13.8 12.9 12.8 
12 13.5 13.85 13.4 13.6 13.1 
Average 12.1 13.7 13.89 Average 13.2 13.3 13 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
12.4 12.2 13.8 12 11.7 12.2 
12.4 12.6 13.7 11.8 11.7 11.8 
11.5 12.6 13.9 12.1 11.8 12 
11.8 13.2 14.3 12.5 11.5 12 
12.5 12.4 14.5 12.5 11.9 11.6 
11.7 12.5 13.8 12.2 12 11.8 
11.7 12.2 14.1 12.5 11.8 11.6 
11.9 12.4 14.6 12.9 11.7 11.6 
11.5 12.5 14 11.9 11.4 11.8 
12 12.5 13.8 12.3 11.7 11.7 
11.7 11.9 13.8 12 11.9 11.5 
11.5 12.2 14.2 12.3 11.5 12 
12.5 12.3 13.5 12.2 11.4 11.8 
12.1 12 13.7 12.4 11.6 11.5 
12.1 12.5 13.2 12.2 11.8 11.8 
11.5 12.2 13.8 12.5 11.6 11.5 
11.8 11.8 13.4 12.4 11.8 11.9 
11.5 11.9 13.8 13.1 11.3 11.5 
11.2 11.8 12.7 12.5 11.8 12.1 
11.2 11.5 13.2 12.3 11.4 11.7 
Average 11.8 12.3 13.8 Average 12.3 11.7 11.8 
Appendix Two 
Density 
Original (g/cmA3) Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
0.383 0.355 0.342 0.461 0.365 0.35 
0.368 0.344 0.313 0.453 0.351 0.372 
0.39 0.336 0.322 0.412 0.351 0.33 
0.374 0.336 0.339 0.421 0.346 0.345 
0.383 0.342 0.341 0.394 0.357 0.35 
0.368 0.355 0.322 0.388 0.34 0.378 
0.383 0.327 0.335 0.4 0.362 0.375 
0.4 0.339 0.322 0.406 0.351 0.361 
0.383 0.325 0.324 0.418 0.34 0.369 
0.377 0.323 0.318 0.406 0.338 0.372 
0.39 0.355 0.33 0.409 0.331 0.366 
0.383 0.347 0.331 0.403 0.333 0.366 
0.368 0.342 0.335 0.397 0.333 0.372 
0.383 0.342 0.316 0.418 0.326 0.366 
0.383 0.327 0.327 0.453 0.351 0.361 
0.368 0.344 0.318 0.388 0.351 0.356 
0.383 0.33 0.33 0.403 0.34 0.369 
0.383 0.347 0.322 0.418 0.338 0.363 
0.383 0.318 0.321 0.394 0.354 0.366 
0.383 0.344 0.327 0.406 0.336 0.358 
Average 0.38 0.343 0.327 Average 0.412 0.345 0.362 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
0.388 0.382 0.341 0.412 0.4 0.391 
0.388 0.37 0.344 0.419 0.4 0.404 
0.418 0.37 0.339 0.409 0.396 0.398 
0.407 0.354 0.33 0.395 0.407 0.398 
0.384 0.376 0.325 0.395 0.393 0.411 
0.411 0.373 0.341 0.405 0.389 0.404 
0.411 0.382 0.334 0.395 0.396 0.411 
0.404 0.376 0.336 0.383 0.4 0.411 
0.418 0.373 0.336 0.416 0.409 0.404 
0.4 0.373 0.341 0.403 0.4 0.408 
0.411 0.392 0.341 0.412 0.393 0.415 
0.418 0.382 0.332 0.403 0.407 0.398 
0.384 0.38 0.35 0.405 0.409 0.404 
0.398 0.389 0.344 0.399 0.402 0.415 
0.398 0.373 0.357 0.405 0.396 0.404 
0.418 0.382 0.341 0.395 0.402 0.415 
0.407 0.395 0.352 0.399 0.396 0.402 
0.418 0.392 0.341 0.377 0.414 0.415 
0.43 0.395 0.371 0.395 0.396 0.395 
0.43 0.406 0.357 0.403 0.409 0.408 
Average 0.407 0.381 0.343 Average 0.401 0.401 0.406 
Appendix Three 
Dry Load 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
4.85 4.805 5.713 6.617 5.149 6.604 
5.07 5.544 6.024 5.933 3.842 4.593 
5.009 5.484 5.036 7.184 4.599 5.753 
4.81 5.412 6.883 7.036 5.726 5.087 
4.875 4.945 7.578 6.564 5.129 6.403 
4.985 5.444 7.235 6.872 3.938 5.793 
5.02 4.813 6.542 6.633 3.34 5.391 
5.042 5.289 5.259 7.125 5.866 5.919 
4.62 5.425 5.06 5.748 5.519 5.189 
4.96 5.442 6.078 7.001 5.439 3.442 
Average 4.924 6.26 6.141 Average 6.671 4.855 5.417 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
4.137 5.493 5.766 4.991 4.174 6.054 
5.412 5.431 4.915 5.291 5.495 5.935 
4.046 5.074 6.008 5.023 5.291 5.592 
4.569 5.28 4.097 5.275 5.686 6.005 
4.107 5.852 4.663 5.442 5.522 5.638 
5.573 5.417 4.456 4.934 4.931 5.452 
4.472 5.106 5.694 5.205 5.331 5.458 
4.217 5.713 4.91 5.407 4.996 5.302 
5.216 5.098 4.698 5.53 4.497 5.527 
4.556 5.576 5.369 5.544 5.05 5.34 
Average 4.631 5.404 5.058 Average 5.264 5.097 5.63 
Appendix Four 
Breaking Length 
Original (km) Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
2.77 2.71 3.31 3.19 2.96 3.7 
2.89 3.13 3.49 2.86 2.21 2.57 
2.86 3.1 2.91 3.46 2.65 3.22 
2.75 3.06 3.98 3.39 3.29 2.85 
2.78 2.79 4.39 3.16 2.95 3.58 
2.85 3.07 4.19 3.31 2.27 3.24 
2.87 2.72 3.79 3.2 1.92 3.02 
2.88 2.99 3.04 3.43 3.37 3.31 
2.64 3.06 2.93 2.77 3.18 2.9 
2.83 3.07 3.52 3.37 3.13 1.93 
Average 2.81 2.98 3.55 Average 3.22 2.79 3.04 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
2.26 3.09 3.21 2.65 2.34 3.33 
2.95 3.06 2.74 2.81 3.09 3.26 
2.21 2.85 3.35 2.67 2.97 3.07 
2.49 2.97 2.28 2.8 3.19 3.3 
2.24 3.29 2.6 2.89 3.1 3.1 
3.04 3.05 2.48 2.76 2.77 3 
2.44 2.87 3.17 2.76 2.99 3 
2.3 3.21 2.73 2.87 2.81 2.91 
2.85 2.87 2.62 2.94 2.53 3.04 
2.49 3.14 2.99 2.94 2.84 2.93 
Average 2.52 3.04 2.82 Average 2.8 2.86 3.09 - For the third recycle, the
air dry values were not used because
the sheets were not properly
conditioned. Instead, supplemental
data was used and can be found in
Appendix N.
Appendix Five 
Wet Load 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
0.1664 0.145 0.2255 0.1987 0.1852 0.2899 
0.1369 0.1396 0.247 0.1879 0.1584 0.2846 
0.1584 0.1423 0.2685 0.2148 0.1906 0.2711 
0.1557 0.1342 0.2362 0.1879 0.1933 0.298 
0.1557 0.153 0.2738 0.1987 0.204 0.2846 
0.1611 0.145 0.2685 0.1906 0.196 0.2899 
0.1745 0.1423 0.2765 0.196 0.2067 0.3168 
0.1664 0.1557 0.2362 0.2148 0.2067 0.2792 
0.1879 0.145 0.2497 0.1879 0.1879 0.3034 
0.1689 0.145 0.3007 0.2201 0.1825 0.306 
Average 0.1632 0.1447 0.2583 Average 0.1997 0.1911 0.2924 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
0.2228 0.2416 0.3248 0.1718 0.1825 0.2658 
0.1879 0.2336 0.3114 0.1611 0.2443 0.2174 
0.2094 0.2416 0.3141 0.1503 0.196 0.2336 
0.2201 0.2497 0.3168 0.1557 0.2228 0.2282 
0.2094 0.247 0.3034 0.1691 0.2201 0.2497 
0.2336 0.2362 0.3114 0.1638 0.2389 0.2336 
0.2094 0.247 0.3007 0.1584 0.2094 0.255 
0.1987 0.2389 0.3221 0.1503 0.2148 0.2658 
0.2282 0.255 0.298 0.1691 0.2201 0.2148 
0.2148 0.2416 0.3168 0.1691 0.2228 0.2416 
Average 0.2134 0.2432 0.312 Average 0.1619 0.2172 0.2406 
Appendix Six 
Wet Breaking 
Length (km) 
Original Recycle One 
Air Ory 155 F 250 F Air Ory 155 F 250 F 
0.095 0.0819 0.13 0.0957 0.107 0.162 
0.0781 0.0786 0.143 0.0906 0.0911 0.159 
0.0904 0.0803 0.155 0.104 0.11 0.152 
0.0889 0.0758 0.137 0.0906 0.111 0.167 
0.0889 0.0864 0.158 0.0957 0.117 0.159 
0.92 0.0819 0.155 0.0919 0.113 0.162 
0.092 0.0803 0.16 0.0945 0.119 0.177 
0.095 0.0879 0.134 0.104 0.119 0.156 
0.107 0.0819 0.145 0.0906 0.108 0.17 
0.0964 0.0819 0.174 0.106 0.105 0.171 
Average 0.0932 0.0819 0.149 Average 0.0965 0.11 0.164 
Recycle Two Recycle Three 
Air Ory 155 F 250 F Air Ory 155 F 250 F 
0.122 0.136 0.181 0.0912 0.102 0.146 
0.103 0.131 0.173 0.0855 0.137 0.119 
0.114 0.136 0.175 0.0798 0.11 0.128 
0.12 0.14 0.176 0.0826 0.125 0.125 
0.114 0.139 0.169 0.0898 0.124 0.137 
0.127 0.133 0.173 0.0869 0.134 0.128 
0.114 0.139 0.167 0.0841 0.118 0.14 
0.108 0.134 0.179 0.0798 0.121 0.146 
0.124 0.143 0.166 0.0898 0.124 0.118 
0.117 0.136 0.176 0.0898 0.125 0.133 
Average 0.117 0.137 0.174 Average 0.0859 0.122 0.132 
Appendix Seven 
Original Zero Span (psi) Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
24.2 33.3 36 37.2 32.8 37 
33.25 30 35 37 36.4 40.4 
30.75 32.4 33.25 37.2 32.4 32.4 
29 30.6 24.6 33.6 30.2 30.1 
35 30.8 34 38.8 38 36.2 
34.75 31 34.2 36 37 33.2 
35 30.2 31.75 38.2 36.8 38 
29 31.3 36.4 42.1 34.6 37.2 
31.25 36.4 34.5 42 37.2 38.2 
32.25 32 33.2 33.6 39.2 38.4 
Average 31.44 31.8 33.29 Average 37.6 35.5 36.1 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
29.4 32 37.2 35.8 36 33.2 
32.2 34.6 38.4 34.6 31.2 36 
34.8 33.4 37 30 32.2 32 
34.2 37.5 36.2 36 38.2 37.2 
35.2 33 36.8 35.4 37.5 37.2 
36.8 37.4 37.4 40 37.2 37.8 
36.8 36.4 35.2 38.6 38.2 40.6 
29.4 36.8 35.2 38 38.8 37.6 
33.2 35.5 36 40 32.4 36 
35.6 34.2 35.6 40 32.5 36.8 
Average 33.8 35.1 36.5 Average 36.8 35.4 36.4 
Appendix Eight 
Wet Zero Span 
(psi) 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
23 28.3 22 30 27 25.2 
22 25 26 15.2 29.4 26.5 
24 21.8 22.5 29.8 20.6 24.4 
22 25 26 22.6 26.2 25.4 
22 21.4 25 25.8 24.6 26.8 
21 20 24.5 28.6 22.4 28.2 
19 22 26.25 24.6 24 29.2 
21.5 21 25.5 28.2 20 28.8 
19 19 25 26.5 23.2 29.8 
23 21.2 26 26.4 21.2 25.4 
Average 21.7 22.5 27.5 Average 25.8 23.9 27 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
25.8 29 29.2 27 27 26.8 
25.4 27.2 26.4 26.8 30 27.2 
28.8 27.8 23.5 24.8 27.2 24.8 
25 28.2 30.8 25.8 26.8 25 
23.6 27.8 22.4 25.4 27 26.2 
24.2 28.6 23 27 26.6 27.5 
25.4 26.2 27.4 26.5 28.2 22 
25.8 26.8 25 29 26.5 28.2 
26 27.8 25 27.4 27.8 22 
25.8 28 29.8 25 25 28.8 
Average 25.6 27.7 26.3 Average 26.5 27.2 25.9 
Appendix Nine 
Scott Bond 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
N/A 36 N/A 34 35 40 
N/A 30 N/A 40 29 32 
N/A 34 N/A 36 32 34 
N/A 37 N/A N/A 36 41 
N/A 36 N/A N/A 34 38 
35 34 35 34 34 35 
40 36 34 30 31 36 
45 36 36 35 34 35 
40 35 35 36 35 36 
40 36 40 40 35 36 
35 35 36 34 36 33 
36 32 36 36 30 31 
39 37 41 35 34 34 
30 34 39 34 34 35 
30 36 40 34 35 36 
Average 37 34.9 37.2 Average 35.2 33.6 35.5 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
31 30 35 N/A 38 N/A 
30 30 31 N/A 32 N/A 
35 35 33 N/A 36 N/A 
35 34 33 N/A 40 NIA 
35 34 31 N/A N/A N/A 
30 33 35 34 35 34 
31 34 34 30 34 37 
32 35 31 37 37 33 
35 34 32 36 37 35 
36 35 31 37 N/A 30 
32 36 30 35 38 NIA 
34 32 30 30 40 N/A 
35 35 30 33 36 N/A 
36 35 34 35 36 N/A 
31 31 35 34 N/A N/A 
Average 33.2 33.5 32.3 Average 34.1 36.6 33.8 
NIA values are a result of an uncalibrated testing unit or a bad test sample. 
Appendix Ten 
Burst (psi) 
Original Recycle One 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
27.9 29 32.9 33.5 30.8 29.7 
21.8 28.1 29.8 32.9 30 30.3 
25.5 32.5 24.4 31.4 28.5 34.2 
23.1 33.6 30.4 30.1 27.4 30.4 
24 34.3 32.6 29.8 31.2 29.9 
23.8 19.4 32.4 35.5 28.8 28.5 
23.2 27.1 30.4 28.3 30.1 26.3 
22.4 30.2 30.9 28.4 31.4 33.2 
21.4 33 31.9 34.5 26.2 32.1 
23.3 28.5 33.4 32.5 34.4 28.1 
24.8 30.5 27.5 35.5 32.9 28.7 
24.1 29.9 35.5 24.8 34.7 29.2 
20.7 32.8 34.6 34 32.4 32.9 
25.1 27 28 32.4 32.8 31.9 
21.4 30.2 28.5 30.8 31.5 24.7 
26.8 27 25.4 33.1 29.8 29.1 
25.1 30.1 29.9 33.1 32.5 35 
25.9 29 36.1 32.5 31.9 29.4 
23.9 27.4 34.6 33.6 32.3 25.6 
23.3 27.5 24.3 32.5 33.7 37.4 
Average 23.9 29.4 30.7 Average 32 31.2 30.3 
Recycle Two Recycle Three 
Air Dry 155 F 250 F Air Dry 155 F 250 F 
28.4 30.1 30.6 24.2 30.6 24.2 
33.1 34.1 32.2 22.9 29.9 26.5 
23.7 35.2 30.4 24.1 32.4 26.1 
31 33.1 33.7 27.4 31.3 25.9 
26.2 31.9 29.5 27 25.8 26.3 
28.8 32.9 29.9 25.7 28.9 27.3 
31 34 28.5 25.7 32.1 25.3 
27.3 33.7 35.6 20.5 32.2 23.9 
23.7 30.4 30.9 24.2 29 28.1 
29 30.1 29.8 25 31.6 23.7 
26.7 34.7 33.8 26.6 29.5 27.9 
29.8 34.2 29.3 25.9 31 24.2 
29.1 30.7 27 26.7 28.7 25.2 
30.2 34.1 28.8 26.5 27.2 27.9 
32.3 32.9 33.2 24.6 26.4 26.7 
24.6 31 30.6 26.6 35 26.9 
29.2 30.9 27.8 24.9 33.8 26.9 
30 32 28.4 21.8 33.6 30.1 
28.5 31.4 30 27.1 28.9 29.1 
28.4 31.9 27.9 28 30.4 22.9 
Average 28.6 32.5 30.4 Average 25.3 30.4 26.3 
Appendix Eleven 
Supplemental 
Data 
Recycle Three Recycle Two Recycle Three 
Air Dry 155 F 155 F 250 F 250 F 
Weight Break Uh. Weight Break Length Weight Break Uh. 
4.927 26.4 4.36 24.5 5.664 31.1 
4.166 22.1 4.746 26.7 5.122 28.2 
5.689 30.2 3.748 21.1 3.893 21.4 
5.538 29.4 4.94 27.8 5.213 28.7 
5.619 29.8 5.474 30.8 4.977 27.4 
5.141 27.3 4.701 26.4 4.701 25.8 
4.974 26.4 6.064 34.1 5.935 32.6 
4.502 23.9 5.004 28.2 6.48 35.6 
4.33 23 5.103 28.7 6.048 33.2 
4.727 25.1 4.381 24.6 4.193 23 
5.442 28.9 4.827 27.2 5.866 32.2 
5.176 27.5 4.811 27.1 6.04 33.2 
5.412 28.7 4.789 26.9 5.895 32.4 
5.476 29.1 4.244 23.9 6.306 34.7 
4.894 26 4.419 24.9 5.839 32.1 
5.323 28.3 5.178 29.1 5.984 32.9 
3.973 22.4 4.242 23.3 
5.525 31.1 6.107 33.6 
5.903 33.2 5.42 29.8 
5.595 31.5 4.596 25.3 
4.843 27.2 
4.153 23.4 
5.098 28.7 
4.021 22.6 
Supplemental data shown here was used in addition to the values listed in Appendix E and F except for 
the third recycle of air dried sheets in which case, only supplemental data was used. 
Air Dry 
Caliper 
Breaking Length 
Wet Break Lth. 
Zero Span 
Wet Zero Span 
Burst 
Density 
Scott Bond 
155 F 
Caliper 
Breaking Length 
Wet Break Lth. 
Zero Span 
Wet Zero Span 
Burst 
Density 
Scott Bond 
250 F 
Caliper 
Breaking Length 
Wet Break Lth. 
Zero Span 
Wet Zero Span 
Burst 
Density 
Scott Bond 
Original 
0.2581 
0.7444 
0.0727 
3.24 
1.55 
1.82 
0.0081 
4.5 
Original 
0.011 
1.554 
0.033 
1.82 
2.66 
3.211 
0.0119 
1.843 
Appendix Twelve 
Standard 
Deviations 
Recycle One 
0.0158 
2.23 
0.0577 
2.77 
4.15 
2.57 
0.0205 
2.52 
Recycle One 
0.0102 
4.797 
0.0785 
2.71 
2.86 
2.195 
0.0105 
2.06 
Original Recycle One 
0.0087 0.0107 
4.974 4.88 
0.1296 0.0726 
3.17 3.03 
1.42 1.81 
3.431 3.104 
0.0082 0.0113 
2.4 2.6 
Recycle Two Recycle Three 
0.0102 0.0079 
2.94 2.39 
0.0694 0.0404 
2.57 3 
1.3 1.2 
2.52 1.88 
0.0136 0.01 
2.17 2.39 
Recycle Two Recycle Three 
0.0094 0.0048 
3.257 2.527 
0.0341 0.0978 
1.84 2.84 
0.785 1.23 
1.591 2.383 
0.0144 0.0065 
1.86 2.22 
Recycle Two Recycle Three 
0.0102 0.0053 
3.308 3.492 
0.0467 0.0963 
0.99 2.289 
2.82 2.264 
2.218 1.842 
0.0103 0.007 
1.85 2.315 
